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Abstract

Static curves and resistive load switching characteristics of a 600 V, 4 A rated, SiC-based NPN bipolar power
transistor (BJT) were observed at selected temperatures from 23 to 200 °C. All testing was done in a pulse mode at
low duty cycle (~0.1 percent).

Turn-on was driven by an adjustable base current pulse and turn-off was accelerated by a negative base voltage
pulse of either 7 or 0.6 V.

Switching observations were done at base drive currents (Ig) up to 400 mA and collector currents (I¢) up to 4 A,
using a 100 Q non-inductive load. At Iz = 400 mA and Ic = 4 A, turn-on times typically varied from 81 to 97 ns,
over temperatures from 23 to 200 °C. As expected, lowering the base drive greatly extended the turn-on time.
Similarly, decreasing the load current to Ic = 1 A with Iz = 400 mA produced turn-on times as short as 30 ns. Over
the 23 to 200 °C range, with Iz = 400 mA and Ic =4 A, turn-off times were in the range of 61 to 77 ns with the 7 V
sweep-out and 130 to 150 ns with the 0.6 V sweep-out. At a fixed temperature and I, the turn-off time decreased
slightly with decreasing I, for Iy sufficient to still provide full turn-on.

The ratio of conduction to switching losses is estimated, based on the observed Ic transition times and static
curves. An estimate at 200 kHz and a 50 percent duty cycle shows that under practicable conditions the two losses
can be comparable. Hence the evidence obtained does not support the occasionally voiced concern of necessarily
unacceptably high conduction losses in SiC-based BJTs.

Introduction

Compared to silicon (Si), silicon carbide (SiC) is
an attractive material for power switches operating at
high temperature, high voltage and high power
density because of its wide band-gap, high thermal
conductivity and high breakdown electric field
strength. Today, Si BJTs are not considered to be
competitive for two main reasons. First, BJTs are
current controlled devices, which require substantial
base drive current. Compared to power MOSFETSs
and IGBTs, which are voltage-controlled devices,
this feature of BJTs complicates the drive circuits and
also leads to increased power dissipation. Second, Si
BITs suffer from the “second breakdown” avalanche
effect, which can lead to catastrophic switch failure.
However, as shown by Huang and Zhang (ref. 1), the
critical current density in SiC to cause “second
breakdown” is more than two orders of magnitude
greater for a SiC npn BJT than for a Si device.
However, a general advantage of BJTs is that they
avoid many of the problems of the gate oxide of
MOSFETs and IGBTs, such as oxide reliability at
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high temperature and high fields and low inversion
layer mobility at the oxide/semiconductor interface.

SiC npn BJTs have a short minority carrier
lifetime in the p-type base (ref. 2). This is
advantageous for high frequency switch operation,
but detrimental to the common emitter dc current
gain (. Because BJTs are current driven and require a
continuous base current for control, it is critical to
have high B at high collector currents. Therefore,
improving the B of SiC BJTs is very important and
recently considerable progress has been made in
improving it, along with current density and blocking
voltage. The first BJT reported in 6H-SiC in 1977
(ref. 3) had B =4, but in 1993 Palmour et al. (ref. 4)
reported an increase in 3 to 10.4. Since then, several
investigators have reported considerably improved
current gains, using 4H-SiC. Ryu et al., [5] in 2001
reported a =20 at [c =2.7 A, and Vg =2 V for a
BJT capable of blocking 1800 V. In 2004, Zhang et
al., (ref. 6) demonstrated a p =47 for [c =4.7 A, a J¢
= 392 A/em® and Ve = 6.5 V. In 2005,
Krishnaswami, et al., (ref. 7) reported a high voltage,
high current (1000 V/30 A) BJT with = 14.



The objective of the experimental work reported in
this paper was to investigate the effect of temperature
(23 to 200 °C) on the static and dynamic
characteristics of 4H-SiC BJTs fabricated for NASA
by United Silicon Carbide, Inc. The upper test
temperature limit of 200 °C was set by the packaging
materials. The test voltages for the dynamic
switching tests ranged from 100 V for a collector
current of 1 A to 400 V for a 4 A collector current
and Bma.x = 20. The special test circuits developed to
measure the dynamic characteristics of the 4H-SiC
BIT are also briefly discussed.

Static Collector-to-Emitter Curves

The 4H-SiC based NPN BIT tested was selected
from a group of similarly performing devices. The
static curves at 23 and 200 °C presented in figure 1
were captured by a Tektronix model 370B
programmable curve tracer, using a 20 mA base step
(pulsed) up to 10 steps.

Figure 1 shows that the static characteristics at
23 and 200 °C of this BJT are not significantly
different, suggesting that the device may be suitable
for high temperature operation as a power switch.
Curves taken at selected intermediate temperatures
were likewise similar. This known behavior (ref. 4) is
in stark contrast to the collapsing of characteristics
with increasing temperature reported for SiC-based
SITs (ref. 8). When going from 25 to 200 °C and at a
gate voltage of 5 V, the drain current of those SITs
collapsed by a factor of 5! The saturated on-
resistance is seen to be of the order of 2 Q at 23 °C
and 1.5 Q at 200 °C.

Testing Circuits

A constant voltage source feeding a resistive load
in the collector circuit was chosen to make up a
simple power side of the circuit. A nearby charged
capacitor served well as the power source, since
operation was with sub-microsecond pulses at no
more than 0.1 percent duty cycle. The BJT itself was
mounted to a temperature-controlled boron nitride
plate, with a thermocouple attached directly to the
BIT. A general circuit diagram is provided in
figure 2.

A fast rise, high voltage pulser is suitable for
providing a very fast-rise current pulse to the base of
a BJT. The DEI model HV-1000 is capable of pulse
heights up to 850 V into a 50 Q load at a low duty
cycle, with a rise-time of 10 ns and durations up to
10 ps. Figure 3 shows the basic arrangement,
omitting the required external high voltage supply
and trigger pulser. Since the forward Vgg is only of
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the order of 10 V, good quality current pulses can be
obtained into the base of the BJT. The duty cycle can
be set as low as one pleases and about 0.1 percent
was used, with a repetition rate of about 1 kHz.

A turn-off circuit was devised to accelerate the
charge carrier sweep-out from the base region by
providing a negative Vg of about 7 V to terminate
the collector current from its steady state value. In
this way, turn-off transients comparable in duration,
or even shorter, than the turn-on transients could be
obtained. Such a circuit was implemented by adding
a negative pulser (a DEI model HV-1000N) to the
circuit in figure 3. A Zener diode was used to set the
negative voltage level. The passive components in
these circuits need not have a high power rating, due
to the very low duty cycle.

Figure 4 provides a diagram of the combined
circuit, used primarily for capturing the turn-off
transient, once steady Ic has been established by the
positive base drive part. The two high voltage pulsers
are timed by trigger signals from two channels of a
delay trigger pulse generator, a Berkeley Nucleonics
model 555. The output from the HV-1000N
overcomes that from the HV-1000 sufficiently to
activate the Zener diode, thus setting the negative
base drive level. A low Vpgg of about —0.6 V can be
obtained by omitting the Zener diode. This circuit
was constructed with low-power resistors and diodes
for use at very low duty cycle only. Moreover, the
model 555 was unable to gate the high voltage
pulsers at duty cycles exceeding 10 percent. But
using this somewhat elaborate setup, base voltage
transition times, from positive to negative in less than
10 ns, could be achieved.

High Temperature Switching Data
Overview

The data presented in table 1 are selected subsets
of all such data taken at various temperatures,
showing the amount of base drive needed to get
acceptable switching at selected temperatures and
load currents, for this SiC-based BJT. This data was
taken using the constant current base drive mode and
a reverse Vg of about 7 V, primarily because it is
easier to set the current to a given value. The values
of currents indicated are their steady state values,
reached typically in less than a microsecond. The
table 1 data is taken from dynamic scope traces, such
as reproduced in figure 5.

Several phenomena seen in this scope trace are
worth a remark. Most interesting is the very low base
charge storage time, as compared to that exhibited by
similarly rated Si-based BJTs that we tested. Thus
there is very little delay (~20 ns) between the end of



the positive base drive current pulse and the start of
the collector current I drop. This suggests a low
minority carrier lifetime in the base region. Of
passing interest is the conspicuous linearity of the Ic
drop, when a reverse base voltage (about 7 V in
fig. 5) is applied to speed up the turn-off. Possibly
due to capacitive and inductive effects, the rise in I¢
is much slower than the 10 ns rise of the base-drive
pulse and is as expected.

Figure 6 presents a comparative graphical analysis
of the turn-on times as a function of the level of base
drive, based on the 23 and 200 °C data groups in
table 1. At any base drive level sufficient to achieve
full turn-on, the turn-on transition time increases with
increasing collector current, as expected. Also, to
achieve the same rise time for a fixed collector
current requires a higher base current pulse at the
higher temperature. Thus increasing temperature has
a slowing effect on the turn-on process. The Iy =
100 mA points could not be achieved for some of the
curves in figure 6, for at this base drive level the BIT
would not turn fully on under the indicated
conditions. Indeed, much of this behavior is
qualitatively similar to that of a Si-based transistor.

In the case of the turn-off time T, the primary
sensitivity is to the magnitude of the applied reverse
Vg and the magnitude of the steady-state collector

current. The T.g decreases slightly when going from
23 to 200 °C, or when decreasing the base-drive
current. A simple example suffices to illustrate
sensitivity to the applied reverse Vpg. At Ic =4 A and
Iz = 400 mA, the following 10 to 90 percent turn-off

transition times T, wWere observed:

23 °C 200 °C
Toe for Vg =-7 V: 77 ns 63 ns
Tose for Vg =—0.6 V: 148 ns 142 ns

Forced minority carrier sweep-out is seen to be
quite effective, as it is with Si-based transistors. Very

short T, can be obtained that way for the present
device, because its junction breakdown Vg is well in
excess of 10 V.

At the 0.1 percent duty cycle used, no temperature
rise above ambient of the BJT’s case could be
resolved from observations of the switching
waveforms. The case itself was quite temperature
stable, being fastened to a boron nitride hotplate to
provide good heat conductivity and temperature
control. For the on-off pulse shown in figure 5, the
switching loss is about 60 pJ, the conduction loss is
about 12 pJ and the base drive adds about 2 pJ,
making for a total loss of about 74 pJ during the
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500 ns wide pulse. For a 1 kHz repetition rate, the
average power is thus only about 0.1 W

Switching and Conduction Losses

Occasionally the concern has been voiced that
higher on-state conduction losses in SiC based, as
compared to Si based, BJTs would be seriously
adverse to their application as switches. To evaluate
this, let us compare the conduction losses to
switching losses expected for a waveform of
switched square voltage V, and current I, pulses of
width w, repeated with a period t. The duty cycle D
then is D = w/t.

Using an exponential approximation for turn-on
and a linear approximation for turn-off, with
respective time constants t,, and T.y, technically the
switching losses are

Eon=0.51) Vo Ton (Joules) (D

and

Eoff = (1/6) I() V() Toff (JOUICS) (2)

But for present purposes, it suffices to use the
exponential approximation for both, writing

ES = Vo IO Ts (JOUICS) (3)

for the total switching loss. Note that Ts = Ts j0.90/In 9
in terms of the usually scope indicated 10 to

90 percent switching time Ts 19.90. Our BJT, switching

say 4 A at 400 V in Ts19.90 = 80 ns, thus has a
switching loss of about 60 pJ for one pulse.
The conduction loss in one period is simply

Ec =1y’ Regon W, (Joules) 4)

where Rcgon 15 the saturated collector-to emitter on-
resistance. This amounts to only about 12 pJ for the
roughly 500 ns wide on-off pulse shown in figure 5.
Division of Eg and Ec by t then gives the average
switching and conduction loss powers Ps and P¢c. The
ratio of these powers thus is

Pc/Ps = Ec/Es = Io Reg,on W/(Vo Ts) Q)

To get a numerical feel for Po/Ps in a practical
application, assume a switching frequency of
200 kHz and a duty cycle of 0.5, giving w = 2.5 ps.
From static curves in figure 1, Regon = 1.5 Q, but
appeared to be less under fast pulse conditions. Again



assuming Ts 0.90 = 80 ns, Eq. 5 then gives Pc/Ps =
1.03. To be fair, a relatively smaller base drive power
should be added to the Pc.

Clearly, the Po/Ps depends on variable conditions.
For example, going down to 100 kHz at the same

duty cycle doubles the Pc/Ps. Also, a lower T; might
be attainable with a lower load resistor (here 100 Q).
On the other hand, operation at higher frequency
(smaller w) and higher voltage is also possible for the
present device. Although the value of Pc/Pg is
circumstantial, under the conditions of the present
experiment, the results do not support the claim of
necessarily unacceptably high conduction losses in
SiC based BJTs.

Summary and Discussion

The data tables indicate that collector current turn-
on transition times (10 to 90 percent) of 100 ns, or
less, can be readily achieved with a 4 A current and a
100 Q resistive load. This, however, requires a
400 mA base drive current step, at which the Vg
steadies out to roughly 10 V, with 4 A of collector
current flowing. As expected, this turn-on time is
sensitive to the base drive and the load currents, with
only a slight sensitivity to temperature, from 23 to
200 °C. If the load current is lowered, then similar
times can be obtained at a lower base drive.

An abrupt base turn-off was implemented by
sending a negative voltage pulse to the base to
overcome the positive base current pulse. Due to the
low base charge storage time in this SiC device, there
was no need to limit the reverse base current. The
7 V reverse pulse used was conservative, for the
emitter junction reverse breakdown seemed to be
above 10 V. This was sufficient to give collector
current decay times of the same order as its rise
times. Faster times may be possible, depending on
the emitter-base breakdown characteristics. As
expected, clamping the base voltage close to the
emitter level greatly lengthens the turn-off time.
Although zero level clamping is difficult with the
pulsers, data points at about 0.6 V were obtained by
omitting the Zener diode in figure 4. This about
doubled the turn-off time.

The setup shown in figure 4 produces a collector
current turn-off waveform that is nearly linear in
time, whereas its turn-on waveform approximates
closer to exponential (see fig. 5). This makes for a
difference in the switching losses when calculating
these from formulas to approximate the waveforms.

Although the tested device can switch up to at
least 1.6 kW at 200 °C in a low duty cycle pulse
mode, thermal conductance to case is expected to
significantly reduce its capability at high duty cycle.
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With thermal resistance unknown, the estimation of
junction temperature rise for a given average power
dissipation in the device is problematic, at best.

Here the externally measured case temperature is
thought to be a good measure of also the junction
temperature, because of the very low duty cycle pulse
mode and the rather low switching loss per on-off
cycle.

The ratio of conduction to switching losses was
estimated, based on the observed collector current
switching transition times and static curves. An
estimate at 200 kHz and a 50 percent duty cycle
shows that under practicable conditions the two
losses can be comparable. Hence the evidence
obtained does not support the occasionally voiced
concern of necessarily unacceptably high conduction
losses in SiC-based BJTs.
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Figure 1.—Static I¢ versus Vg characteristics of the SiC-based BIT at selected Ip.
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Figure 2.—Basic resistive load turn-on switching test circuit. Currents Ig and I¢ are sensed by
high-speed current transformers (Tektronix CT1 and CT2). Potential Vy is sensed by a 1 kQ
input impedance, fast-rise probe and potential V¢ by a Tektronix 10X probe. R¢ is a carbon
composition resistor, normally set to 100 Q.

Rp

HV-1000
pulser —/V\V

To base of BJT

v

Figure 3.—Block circuit diagram for a pulsed constant current base drive. Ry
values of 300 Q2 to 1 kQ were used.
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Figure 4 —Block circuit diagram of a pulsed constant-voltage base
sweep-out drive added to the constant-current base drive of
figure 2. The delay generator provides timed gating pulses,
Channels A and B, to the positive and negative high voltage
pulsers. The reverse Vg is set by the Zener diode. A low reverse
Vgg of about 0.6 V can be obtained by removing this diode.
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TABLE 1.—SWITCHING DATA, WITH A 100 Q LOAD RESISTOR

AND -7 V BASE CHARGE SWEEP-OUT

Data at 23 °C:

Iz (mA) Ic (A) Vo (V) Tic, o (nS) Tic, orr (NS)
(10 to 90 percent) (10 to 90 percent)
400. 4.0 402. 81. 77.
300. «“ 402. 123. 76.
200. «“ 402. 213. 71.
100. «“ >402 >500. 54., but NFO*
400. 3.0 303. 60. 67.
300. «“ 303. 92. 66.
200. «“ 303. 160. 65.
100. «“ >304. >500. 55., but NFO*
400. 2.0 203. 44. 60.
300. «“ 203. 67. 57.
200. «“ 203. 117. 54.
100. «“ 203. 312. 55.
400. 1.0 103. 30. 53.
300. «“ 103. 44. 47.
200. “ 103. 73. 48.
100. “ 103. 175. 46.
Data at 100 °C:
Iy (mA) Ic (A) Vo (V) Tic, on (18) Tic, orr (DS)
(10 to 90 percent) (10 to 90 percent)
400. 4.0 402. 91. 61.
300. «“ 402. 137. 61.
200. «“ 402. 267. 60.
100. «“ >402. >300. (42., but NFO*)
400. 3.0 302. 70. 55.
300 «“ 302. 108. 54.
200. «“ 302. 195. 52.
100. «“ >302. >300. (39., but NFO*)
400. 2.0 202. 52. 47.
300. «“ 202. 76. 44.
200. «“ 202. 136. 43.
100. “ 202. >313. 40.
400. 1.0 101. 35. 54.
300. «“ 101. 51. 47.
200. «“ 101. 79. 43.
100. «“ 103. 206. 42.
NASA/TM—2006-214345 8




Data at 150 °C:

Tic, on (DS) Tic, orr (11S)
Iy (mA) le (A) Vo (V) (10 to 90 percent) (10 to 90 percent)
400. 4.0 403. 94. 61.
300. «“ 403. 146. 60.
200. «“ 403. 274, 58.
400. 3.0 302. 72. 55.
300 «“ 302. 112. 53.
200. «“ 302. 210. 51.
100. «“ >302. >313. 38., but NFO*
400. 2.0 202. 54. 48.
300. «“ 202. 81. 47.
200. «“ 202. 138. 43.
100. «“ >202. >314. 39., but NFO*
400. 1.0 102. 36. 58.
300. «“ 102. 53. 51.
200. «“ 102. 86. 43.
100. «“ 102. 206. 44.
Data at 200 °C:
Tic, o (nS) Tic, oFr (1S)
I (mA) I (A) Vo (V) (10 to 90 percent) (10 to 90 percent)
400. 4.0 404. 97. 63.
300. “ 404. 150. 62.
200. “ 404. 268. 61.
400. 3.0 302. 75. 55.
300. «“ 302. 115. 55.
200. «“ 302. 203. 54.
100. « >302. >315. 39., but NFO*
400. 2.0 202. S5. 50.
300. «“ 202. 82. 47.
200. «“ 202. 139. 46.
100. «“ >202. >321. 39., but NFO*
400 1.0 102. 36. 63.
300. «“ 102. 54. 53.
200. «“ 102. 84. S1.
100. «“ 104. 208. 39.

*NFO denotes that the BJT is not fully on, as a switch.
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